By extending Migdal s approximation for electron-phonon interactions in metals to the nonequilibrium case, it is possible to derive a set of transport equations which are exact to order (m/3f)'I'. This coupled set of equations for the electron and phonon distribution functions is correct even in the situation in which the electronic excitation spectrum has considerable width and structure so that one might not expect a priori that there would be well-defined quasiparticles. Nonetheless, one of the forms of the electronic transport equation is identical to the transport equation suggested by Landau for the case in which the quasiparticle energy is well defined. The transport equations may be written in two different forms: In the first form, the electronic distribution function is labeled by a momentum vector; in the second, the labels are excitation energy and the position on the Fermi surface. Despite the width in the spectrum, the momentum-space form is identical with the Landau quasiparticle theory. The energy space form is slightly simpler because no wave function renormalization constants appear in the definition of the energies or in the scattering matrix elements. In fact, in the case in which there is space dependence but no time dependence this form of the transport equations looks identical to the weak-coupling Boltzmann equations. This identity is used to prove that to the accuracy of the adiabatic approximation the several transport coefficients are completely unchanged by the many-body eGects of the electron-phonon interaction. These coefFicients, which include the spin diffusivity and the viscosity as well as the ordinary conductivities and all the classical galvanomagnetothermal effects are thus correctly predicted by the standard weak-coupling theory. Many-body effects are also absent in dn/zlzz and the spin susceptibility; however, they do appear in the specific heat and in the response to time-dependent disturbances.
I. INTRODUCTION
since it catalogs completely the phenomena of the systems that it describes, and since it provides a target for theorists who wish to start from a less phenomenological viewpoint. Several important advances have been made along this line. We mention the work of Luttinger and Nozieres, ' who show that as long as perturbation theory is formally correct, the Landau theory follows. That is, if the formal sum of perturbation series has certain crucial properties shared by individual terms in the series, then the Landau theory holds. Baym and Kadanoff' made rather different arguments based upon the theory of Green's functions.
The theories of quasiparticles so far mentioned have relied upon the following idea: If one considers an electron of definite momentum near the Fermi surface, one finds that it has a component with well-defined energy, that is, its lifetime is very long. The reason is that the phase space for the possible decay products of the electron is very small, because of the Pauli principle.
In this paper, we investigate the question of whether a quasiparticle theory can be said to hold for the system of electrons and phonons. The previously mentioned work has been restricted to a system of Fermions interacting by means of instantaneous forces, as, for ' T is remarkable that many experiments on many-& -body systems can be described by the independentparticle model. Especially for metals, it was unclear why many-body effects were not more pronounced, but a number of years ago, Landau, ' in a famous series of papers, shed a great deal of light on the problem. Landau pointed out that the low-lying excited states of a Fermion system might very well have a natural oneto-one correspondence with the low-lying states of the noninteracting system. On the basis of this correspondence, he was able to obtain the equilibrium properties, and also the transport equations describing situations not far removed from equilibrium. The equations describe a set of weakly interacting quasiparticles. The main difference between this case and the limit of really weak interactions is that the quasiparticles have a modified energy-momentum relation and that there is a modification of the scattering matrix elements.
The A more profound objection to the use of the quasiparticle concept in the electron-phonon system is that an electron injected into the system with a definite momentum cannot be said to have a definite energy, if this energy is above the Fermi energy by as much as coo, where coo is a typical or maximum phonon energy (the Debye frequency). Such electrons so rapidly emit phonons that their energy cannot be defined. If such comparatively highly excited electronic states are not of importance, there is no difficulty in extending the usual arguments leading to the Landau theory to the electron-phonon case as well. This will be the case provided we consider only perturbations varying slowly enough in space and time, and provided we restrict the temperature to be well below the Debye temperature. On the other hand, if the highly excited states are important, the usual arguments justifying the quasiparticle concept fail.
There have been a number of previous attempts to justify the Boltzmann equations in the case in which the electron lifetime was not infinitely long. ' However, all of these attempts have been based on the approximation that the decay processes involve no change in the electronic energy. Thus, the electronic energies have to be at least well defined. In the electron-phonon system, this situation occurs at temperatures well above the Debye temperature. Our theory includes this as a special case.
There are many ways in which highly excited and short-lived electronic states can be practically obtained. One is to apply a microwave field whose frequency is comparable to the Debye frequency. Another is to apply a magnetic field so strong that the cyclotron frequency is comparable to the Debye frequency. A third is to raise the potential across a tunnel junction to a value of the order of the Debye frequency measured in electron volts. A fourth is to raise the temperature of the metal to the Debye temperature. We have been able to show that in the third and last cases, a quasiparticle theory (with a definite energy-momentum relation) holds and is essentially exact, in spite of the short lifetime of electrons of definite momentum. We 'L. P. Kadanoff, Phys. Rev. 132, 2073 (1963 ; also, L. P.
Kadanoff, in Rave/lo 1N3 Spristg School Notes (Academic Press Inc. , to be published).
' S. Engelberg and J. R. Schrieil'er, Phys. Rev. 131, 993 (1963 The transformation coeKcients, which are to be determined self-consistently, are given by the relations g,~( k,E r t)=Q Ct'e'E'+'k" X(c;k,.t(t --, 't') ck+, k. .. i t --', t')), (4b) which represent, respectively, the local density of electrons and holes with spin quantum number a. momentum k and energy E in the neighborhood of the space-time point r, t.
In the same way, we define r (qa) r t)=P dt'e'"'+'q" X(n, ;, (t --, 't')n";;(t+-', t')), (5) which gives the local number density of phonons of momentum q and frequency co. We shall also need the functions In the equilibrium case, g(k, s) and r(q, s) are independent of r, $. There, it is more usual to define only the propagator D, given by D(», t -t') =-'t(2'( (t)+ '(t))( -(t')+ '(t'))). (8) - (13) with the subsidiary conditions
If we follow the ideas of Ref. 
III. DERIVATION OF TRANSPORT EQUATIONS IN ENERGY SPACE
To make any progress with the equations of the previous section, we must employ a simplifying feature of this problem first noted by MigdaP This independence enabled Migdal to find A(k, pi) quite explicitly; it will permit us a considerable simplification of our transport equations. To begin this simplification we notice that Eqs. (6), (10) This method differs from the usual justi6cations of the Landau theory which are based on the smallness of the width I". It is well known that I' is negligibly small if the conditions~E p~&& piapnd P '&-&pip are satis6ed. If these conditions are relaxed, as is done in this paper, A (k,E,r,t) will have considerable width and structure when regarded as a function of E. The usual simpli6cation of integrals over E will not then occur. Equation (23) enables us to define a distribution function f(k,E,r,t) by (2ir) ' dpg, &(p, k, E; r, t) = f,(k,E; r, t), (24) which is the density of electrons with total energy E with momentum in the direction k. From (22),
Since, in full thermodynamic equilibrium the condition (14) holds, it follows that in equilibrium, we have f(k,E) =(exp'(E -)3+1) ', which is the usual Fermi distribution function.
Next we rewrite II and Z in terms of the distribution function f To do this w.e use the fact that
Exactly the same manipulations applied to Eq. (12) give Ii~(q, p~) = II&( -q, -pp)
It is worth noting that Z,~~depends only on the density of electrons of one spin, whereas II~depends on the distribution of both spins in equal measure.
As is explained in Ref. 
The values of~of greatest interest to us are of order~0.
As Migdal has shown, the values of co' contributing appreciably to the integral in (31) are much larger, of order y. Consequently, the electron distributions on which (31) depends must be evaluated at energies remote from the Fermi energy. Far from the Fermi surface, the electron states are either full or empty, independent of the slight ripples on the Fermi sea which represent the deviation from equilibrium. Indeed, these electron states are uninfluenced by the electronphonon interaction altogether. We may therefore compute RelI(q, pp) with great accuracy by using the formula (12) for II& &(q,pp) and putting for the electron distribution functions in (12), the functions of the noninteracting system at zero temperature.
It follows from the above arguments that ReII(q, pp) is practically independent of frequency, for frequencies of order coo. We choose it to vanish by picking II, to be (32) By this choice, we achieve the relation, valid for all~, ReII (q, pp)/pp = 0(cop»/p, '), This is not, strictly speaking, well defined but all derivatives of this object certainly vanish. Therefore, Eq. (29) (33) which is strongly peaked as a function of frequency about co,. The peak has an area 2x. Thus, we are enabled to define the phonon distribution function as which allows us to neglect ReII completely. 
Terms proportional to X(q) do not appear in (40) because these terms are proportional to (P dE'(E E')-which vanishes.
If we now finally collect all our results, the transport equations for the quasiparticle distribution function tV(q) and f become and can be approximated as (P(1/(cu -cop)) in view of the smallness of y. Thus, r~(a&) for example, has approximately a Lorentzian shape, with tails dropping oG as (a& -co,) '.
There is some important structure in the tail, in the neighborhood of zero frequency, since r~m ust vanish exponentially as ej' for negative frequency. This structure depends on the deviation of the system from equilibrium. Only the response of the ions represented by the main peak of r~& can truly be considered as a phonon response with a definite energy-momentum relation. The incoherent contribution of ()r~~, which is rarely important at all, will turn out to give the ionic contribution to the electronic quasiparticles. We shall return to this point later, when we have seen the explicit role played by the line shape.
The fact that A(k, E) and r r~a re Lo-rentzian rather than true () 
Equations (41) and (42) 
t48b) Therefore, the collision terms in the Landau-8oltzmann equation may be rewritten with the aid of (41) and (48c) (51) as
These collision terms diRer from those of the weakcoupling theory only in the appearance of the exact energies and of the extra factor Z(k)Z(k') in the scattering matrix element. In the weak-coupling theory this factor is replaced by unity.
In the transformation from E space to k space, the only part of the phonon-transport equation, Eq. (42) , that is modified is the collision terms II~~. These " If the inverse to Eq. (44) is not unique, ave must dehne several branches to the quasiparticle spectrum, such that integration over e& and summation over the branch index is equivalent to integration over K The interpretation of the several branches is similar in spirit to the interpretation of the several poles found on the second Riemann sheet of g(k, Z) by Fngelsberg and Schrie6er
Again the only change from the weak-coupling limit is in the modification of the energies and in the appearance of wave function renormalization constants. 
of f(k, E) with the ai ritten in terms of which may be wri e of (24) and (26) The last term is the contribution of the structure of the line shape of r&(q, co). The principal value has the eGect of eliminating the contribution of this term in the immediate neighborhood of co=orq, which contribution is taken into account by the second term.
We may substitute the identity
BE into (63) and immediately verify that the identification (59e) is correct. Equation (64) follows from Eqs. (28) and (40) after a few manipulations.
We can now understand why Eq. (56) is not true. This equation would set the electronic mass Qow current equal to the part of the momentum density which comes from electronic quasiparticles. However, the quasiparticle is part of the time a combination of electron and ion motion, so that the quasiparticle momentum is partially electronic, and partially ionic.
In the usual Landau theory, the quasiparticle momentum belongs partially to one electron and partially to its surrounding cloud of correlated electrons, but all of the momentum is electronic.
The following interpretation can be given to the terms of Eq. (63). The first term is the electronic mass liow. The second term is the part of the ionic momentum that we associate with the true phonons which have the dispersion relation co,. The final term is the part of the ionic momentum which cannot be associated with the phonons, but which we have been able to incorporate as part of the quasiparticle momentum.
The great virtue of the Landau theory is that it manages to associate all the necessary physical quantities with the quasiparticles, in this case, with the electrons and phonons. Because of the definite energymomentum relations, calculations are simplified and made more intuitive. There are no terms in the Landau theory, besides the collision terms, which are not associated de6nitely with one or the other type of quasiparticles. In the straightforward Green's function theory, on the other hand, contributions like the last term of (63) One may ask why it is that it is possible to lump such quantities into the quasiparticle terms. Why are we able to find such miraculous identities as Eqs. (62) and (64)? The answer seems to lie in the existence of the conservation laws. On the one hand the Green's function theory satisfies the conservation laws whether or not we take into account the peaking of the distribution functions g and r . On the other hand, we have seen that the areas under these peaks, namely, f (k,E) and N(q), must also satisfy the conservation equations. Since it is virtually impossible that two distinct sets of "additive" conserved quantities exist, " there must be identities connecting the two forms of the expressions for the conserved quantities.
Since we have verified the Landau-theory expression for the momentum density, it follows from the conservation law that Eqs. (55f) and (59f) for the stress tensor must be correct.
To verify the Landau-like expressions for the energy density and energy current, we must employ arguments rather similar to those above, which unfortunately involve much more algebra. We shall not present these arguments here but reserve them for an Appendix.
VI. EVALUATION OF PHYSICAL QUANTITIES
We now have two forms of the electronic transport theory: a momentum space form which looks essentially identical to that of the Landau theory, and an energy space form which is somewhat simpler and easier to use.
Despite the greater simplicity of the energy space results, it is instructive to study in detail the result of applying the standard Landau approach to our system. Finally, we consider some of the transport coefficients: the viscosity, the thermal conductivity and the spindi6usion coefFicient. These are usually defined by considering the local equilibrium situation in which the distribution functions are such that the collision terms in the Boltzmann equations vanish, and the distribution functions depend upon space but not upon time. " In our case, the local equilibrium solutions are" f,(k,E)=(exp(P(r)fE+ks v(r) -p (r)j)+1) ', (76a) $(q)= (exp(P(r)L~, +q t(r)]) -1)
Because of the spatial dependence of these terms they produce forcing terms on the Boltzmann equations (41) and (42) in that the left-hand sides of these equations become, respectively, V'~~e&~V'rf and 7', co, V', 5'(q). The transport coeKcients are then defined in terms of the currents which appear in response to these forcing terms. Thus, for example, the thermal conductivity~is defined as the coeKcient which connects the energy current and the gradient of the temperature But, in this situation in which there is no time dependence, the Boltzmann equations (54) and (55) This extra simplicity has enabled us here to show that the spin diffusivity, the thermal conductivity, and the viscosity are all correctly predicted by the standard weak-coupling theory in the sense that there are no many-body electron-phonon interaction corrections to these quantities. For just this same reason, the tunneling rate, ' the spin-lattice relaxation time, ' the dc electrical conductivity, " the anomalous skin e6ect, " and the de Haas-van Alphen effect, " Be/Bp, and the spin susceptibility" are all unaffected by these many-body effects. In addition, it easily follows from our equations (generalized to include the effects of an external static electromagnetic field) that the thermopower and all the galvano-magneto-thermal coe%cients are correctly calculated by weak-coupling theory.
On the other hand, it is known that the low-field cyclotron resonance frequency" and the specific heat"' are indeed modi6ed by electron-phonon interaction effects. Thus, considerable progress has already been made in sorting out the effects of electron-phonon interactions in normal metals.
The Be'/Bt+Vj, =0.
Since there exists only a limited number of conserved quantities, it is hardly conceivable that cl can be anything else but the energy density.
To make this point more 6rmly, we consider the ex- which is exact when S~i s negligibly small.
APPENDIX: VERIFICATION OF LANDAU-LIKE EXPRESSION FOR THE ENERGY DENSITY
In the main body of this paper we claimed that the equivalent expressions (55c) and (59c) defined the time derivative of the energy density. In this appendix we investigate this claim and establish its plausibility.
We begin by rewriting the Landau expression for the energy density by integrating Eq. (59c) by parts to obtain
